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During the past year, several experimenters have reported an 
anomalous behavior of ionization gauges which is characterized by a 
departure from proportionality between the ion collector current and 
the electron current to the grid. Since this behavior may result in 
serious errors in pressure measurement, particularly when gauges are 
operated at low grid currents, the discovery and interpretation of the 
effect is of major significance in the field of ultrahigh vacuum. The 
effect was reported by Ackley, Lothrop and Wheeler'*’ in a paper given at 
the last Vacuum Symposium. They demonstrated that the anomalous readings 
were related to the condition of the grid surface and that the effect 
could be greatly reduced either by electron bombardment of the grid or 
by operating the gauge at relatively high electron currents ( 1 ^ 3  ma).p
2Redhead independently reported a similar effect and showed that it was
unusually large after oxygen was introduced into the system. Other
3 4workers have reported related observations. 3
Early conjectures as to the physical processes responsible for
the anomalous effect have been replaced by a new explanation put forth
5 6independently by the present authors and by P. A. Redhead. In this 
picture the observed discrepancies are attributed to electron impact ioni­
zation of gases adsorbed or chemically bound at the grid surface of the 
gauge. The present paper describes experiments which indicate the nature 
and magnitude of the anomalous effects, gives evidence for the impact 
ionization hypothesis, and describes auxiliary effects of significance in
pressure measurement.
2II. Experiments with the Redhead Modulator Gauge and the Schuemann 
Suppressor Gauge
2In his original investigation of the anomalous effect, Redhead 
used the modulator method.^ After oxygen was introduced into the system, 
he found a very large increase in the so-called "residual current", i^.
Such a large increase in i could be interpreted either as an increase 
in the positive ion current to the collector or an increase in the "x-ray" 
or electron current from the collector. In our first attempts to repro­
duce these effects we utilized a modulator gauge of somewhat different 
design but similar principle to that of Redhead. As was true for all 
gauges used in our experiments, the grid material was molybdenum. With 
oxygen present and under conditions in which we expected to observe a sub­
stantial increase in i^_ we actually found a decrease. In fact, a negative 
"residual current" was observed. That is, when the modulator electrode was 
made more negative in voltage, the current to the collector actually in­
creased! Furthermore, it was observed that the sum of the currents to the 
collector and to the modulator increased when the potential of the modu­
lator was made more negative.
These unexpected results with the modulator gauge have not been 
pursued in detail. They are reported here because they led to some inter­
esting conclusions. First, the modulator method itself is not fully 
understood under such conditions and may give misleading results. Second, 
these results suggested that in the presence of oxygen, the collection 
efficiency of the Bayard-Alpert gauge might vary in an unexpected way as 
a function of the potential of the ion collector. Third, it seemed
g
desirable to study the effect with a Schuemann suppressor gauge, which
3unambiguously distinguishes between ions arriving at the collector and 
electrons leaving it.
The results with the Schuemann gauge are shown in Figure 1.
i  i  « - 8Shortly after oxygen was introduced and maintained at approximately 10 
Torr in a previously outgassed system, the suppressor gauge gave indica­
tions of anomalous readings comparable to those in a Bayard-Alpert gauge 
when it was operated at low emission currents. It was observed that both 
the ion and electron components of the current rose sharply, but that the 
ion component was at least 10 to 20 times higher than the electron com­
ponent, and approximately 10 times higher than that given by a monitor 
gauge on the system. Since most of the electrons could be accounted for
9as due to secondary ejection by the impinging ions, it was evident that 
the primary component in the enhanced or anomalous reading was due to ions 
arriving at the collector. These results immediately suggested the new 
interpretation of the anomalous effect based on the production of ions by 
electron impact at the surface of the grid.
III. Evidence for the Surface impact Ionization Hypothesis
To gain further insight into the nature of the anomalous behavior,
an experiment was carried out to measure the collection efficiency of a
single collector Bayard-Alpert gauge as a function of collector voltage.
For gases which do not exhibit the effect (noble gases, nitrogen, etc.),
the ion current to the collector, I , is attributable to ions formed withinc
the grid structure of the gauge. 1^ is expected to be a slowly varying 
function of voltage applied to the collector, V^, on the basis of the fol­
lowing argument. In view of the electrical potential well formed by the
4negative collector within the positively charged grid, there is a high 
probability that a given ion will ultimately strike the collector even if 
it misses the collector many times in the course of an oscillatory trajec­
tory. Hence the curve of collector current versus the collector voltage 
normally saturates at a value of approximately 150 to 200 volts. I falls 
off at somewhat more negative values of collector voltage due to the in­
creasing repulsion of the ionizing electrons and a corresponding diminution 
of the ionization volume.
Experimental data for nitrogen are shown in the dashed curves of
Figure 2; the lower curve for I = 1 0  ma, the upper for I =0.1 ma. TheS §
potentials of the filament and grid were maintained at their normal operat­
ing values of +45 v and +180 v. The collector potential was varied as 
shown to negative values. The abscissa gives the potential difference be­
tween collector and grid. It is seen that the experimental results verify 
the expected behavior.
In the presence of oxygen, a substantially different dependence
of ion collector current on collector voltage was observed. As shown in
the solid curves, the dependence of ion current on collector voltage differs
markedly for different values of electron current: for I = 10 ma, the
shape of the curve is similar to those for nitrogen, whereas for I = 0.18
ma there is a sharp increase of the collector current with collector volt­
age. Our interpretation of the above behavior is as follows. When oxygen 
is present, many ions are formed by electron impact‘d  of the chemisorbed 
gas on the grid of the ionization gauge. Such ions are formed at the very 
edge of the potential well. If one of these ions misses the collector on 
its first trajectory through the gauge it has a very high probability of
5emerging on the opposite side and then being captured at the negatively
charged envelope of the gauge. If the ions are ejected from the surface
£
with an initial kinetic energy, the probability of such escape is further 
enhanced. Thus the collection efficiency for ions formed at the grid is 
lower than that for ions formed in the volume at normal operating voltages. 
Under these circumstances the probability of capturing an ion is increased 
if the potential difference between collector and grid is increased, and 1  ^
goes up rapidly with V .
If the Bayard-Alpert gauge structure is surrounded by a metallic 
cylinder at or near collector potential, the currents to the inner and 
outer collector can be measured and the above picture verified. Such a 
gauge has been constructed and the following results obtained. In the 
presence of nitrogen, the inner collector captured approximately 12 percent 
of the total number of ions produced; the remainder were collected at the 
outer cylinder. In the presence of oxygen a similar ratio was observed 
with the emission current to the grid held at 10 ma. When the grid current 
was reduced to 0.1 ma, the total number of ions per electron increased, but 
the fraction captured at the inner collector was reduced to approximately 
2 \ percent of the total current. Thus the anomalous reduction in collector 
efficiency is seen to be correlated with the enhanced rate of production 
of ions. Both effects are consistent with the picture of ion production 
at the grid surface.
Further support for the hypothesis of surface ionization by 
electron impact is provided by observation of the ions produced in a Davis 
and Vanderslice magnetic deflection mass spectrometer. In the presence of 
oxygen, a large double peak is observed with one component displaced from
6
the expected mass 16 position. The magnitude and separation of the peaks
indicate a high probability of the dissociative ionization of 0+ at the
 ^  ^ , 11,12surface of the ionization enclosure.
IV. Comparison of Ionization Gauge Readings in the Presence of 0^ and CO
Although the above results together with those of other experi­
menters give good evidence for the interpretation of the effect and a 
qualitative estimate of the possible errors in gauge readings, we undertook 
a systematic series of runs under controlled conditions to verify the mag­
nitude of the effect and its dependence on the grid current of the gauge.
The system used was a standard glass oil-pumped, zeolite-trapped 
system with provision for introducing various gases. Three gauges were
utilized and compared: (1) a 5966 Bayard-Alpert gauge, (2) a photocurrent
13suppressor gauge, and (3) a Philips omegatron. The conductance between 
the gauges was approximately 1.5 1/s. The omegatron was used as a monitor 
of the pressure; it exhibited no anomalous effects and gave a reliable in­
dication of the partial pressures of the gases in the system.
The results of a series of runs is shown in Figure 3. After a 
bakeout of the system and outgassing of the gauge (background gas, mainly 
CO at 7 x 10 ^  Torr) oxygen was introduced into the system at time t = 0. 
The oxygen was continuously flowed through the system for 35 minutes and 
maintained at a pressure of 10  ^Torr as read on the omegatron. Then the 
0^ valve was closed. In the case shown, one of the two ionization gauges, 
in this case the suppressor gauge (SIG), was maintained at 10 ma while the 
other, the Bayard-Alpert gauge (BAG) was run at an emission current of
0.1 ma. As will be shown in the next series of runs, interchange of the
7currents in the two gauges showed that they behaved in a similar manner; 
hence the important parameter to be observed here is the electron emission 
current. The following significant features were noted:
(1) Although pure 0^ was being introduced into the system, there 
was a very large rate of production of CO in the presence of 
oxygen. During the initial period both ion gauges were in 
error, apparently due to the large pumping speed of the 
gauges for 0^ and CO, as well as to the surface effect. The 
pumping speeds for these gases was evidently large compared 
to the conductance between the gauges.
(2) When the 0^ valve was closed, the oxygen peak as read on 
the omegatron fell to less than 10 ^  Torr in a few seconds. 
The predominant residual gas remaining thereafter was CO, 
which was gradually removed but at a rate far slower than 
the characteristic pumping time for the system.
(3) In the period following the removal of 0  ^ the gauge operat­
ing at 10 ma approached the omegatron reading within a few 
minutes and read pressure correctly thereafter.
(4) In the same period, the gauge operating at 0.1 ma departed 
significantly from the "true" pressure as read on the 
omegatron and the SIG. The maximum error observed was at 
least an order of magnitude on the high side.
Figure 4 shows the results of a similar series of runs for five 
different values of emission current. In these runs the BAG was operated 
at 10 ma and the SIG at values of 10, 3, 1, 0.1 and 0.01 ma. To simplify
the drawing, only the curves for I = 0.1 ma are shown for the initial
8
interval during which oxygen was present.
8
From these curves the following observations can be made:
(1) There is a monotonic increase in the size of the anomalous 
effect with decreasing electron grid current. For I = 1 0  
ma, the error in pressure reading is small and disappears
within a few minutes; for I ^-0.1 ma, the error is large.8
(2) The size of the effect decreases with time for all values
of I although the change is not perceptible for the 8
smallest value of I . The time constant for the decay of8
the effect varies approximately inversely with the electron 
current.
Figure 5 shows results for CO similar to those above for oxygen. 
Note that the effect is significantly smaller. For I = 0.1 ma the maxi­
mum error in the reading of the gauge is less than a factor of four. This 
result is rather surprising in view of the large cross-section for ioni­
zation reported by Moore, and further study of CO is called for. Another 
feature of these curves is the large departure of the readings of both 
gauges from the omegatron readings in the early part of the runs. This 
is attributable to a large pumping speed of each gauge for CO and explains 
in part the similar curves in Figure 3.
While significant qualitative conclusions from these results 
can be made, a quantitative analysis of the dependence of the time con­
stants awaits further experimentation. Such an analysis is difficult in 
the case of oxygen because within a short period of time a very large 
fraction of this gas was converted into CO and the effects of the two 
gases were not readily separated. This result is in itself worthy of care­
ful note. Further observations which are not reported here showed that
9while the hot tungsten filament is responsible for a sizeable fraction of 
the conversion of oxygen to carbon monoxide, other physico-chemical pro­
cesses may be even more significant. A preliminary experiment demonstrated 
that oxygen is also converted into CO in a process which involves the 
electron bombardment of adsorbed gas at the surface of the grid. This 
could result from the chemical recombination with carbon of atomic oxygen 
released at the grid.
V. Mechanism of Surface Ionization and Gas Removal
A detailed quantitative picture for the electron impact ioniza­
tion process is not easy to arrive at since it must vary with the composi­
tion of the gas and with the grid surface of the gauge. The observation 
+of a large 0 peak in the presence of oxygen is suggestive of a process 
of dissociative ionization of the adsorbed gases as studied by Moore for 
CO in molybdenum. In fact, Moore observed a large 0+ peak in the presence 
of 0^* He measured a cross-section for the process as high as 10~^ ions 
per incident electron for oxygen-covered molybdenum. Redhead has measured 
a maximum cross-section of about 10 ions/electrons for 0  ^ on molybdenum 
and has proposed that in addition to the release of 0 ions a large quan­
tity of neutral oxygen atoms is also desorbed by electron bombardment. In 
typical vacuum systems, however, molecular oxygen is one of the least 
likely components of the residual gas. It is therefore likely that other 
adsorbed or chemically bound gases play a contributing role. For example, 
the metallic oxides formed on the surface of the grid may also be disso­
ciated and ionized by electron bombardment to give a major effect.
14 -5Young measured maximum ionization efficiencies of 10 ions/electrons
10
(also 0 ) for 90 eV electrons impinging on oxidized surfaces of copper, 
nickel, molybdenum and tungsten. This process may therefore be a signifi­
cant factor in the high readings observed in an ionization gauge immediately 
following bakeout of the vacuum system but before outgassing the gauge.
As was indicated in Figures 3-5, the anomalous production of 
ions at the surface is decreased in the process of measuring it, due to 
the electron impact removal of the adsorbed or chemically bound gases.
The effect may be more rapidly reduced to a negligible value by thoroughly 
outgassing the grid by electron bombardment. Thereafter, the onset of 
erroneous readings can be prevented by operating the gauge at sufficiently 
high electron currents, the minimum current depending on the amount and
composition of the background gas in the system. For typical ultrahigh
-9vacuum conditions at 10 Torr or lower, no anomalous effects have been 
reported when gauges are operated at values of I of 5 ma or greater.
VI. Summary and Conclusions
1. A systematic study of an anomalous non-linearity in ionization gauges 
has been made, indicating the magnitude of possible errors in ionization 
gauge readings. The errors are particularly enhanced after oxygen has 
been introduced into the system.
2. Evidence has been provided for the interpretation of the effect as due 
to dissociative ionization by electron impact at the grid surface. At low 
values of grid current, there is an enhanced rate of production of such 
ions accompanied by a reduced rate of collection in a Bayard-Alpert gauge.
3. The anomalous readings in ionization gauges can be greatly reduced by 
thorough outgassing of the grid by electron bombardment. Thereafter,
11
operation at electron currents of 5 ma or greater gives reliable readings.
4. In the presence of a number of other effects may be present to give 
erroneous ionization gauge readings; in particular, the composition of the 
gas may be altered, both by chemical reactions at the hot filament and by 
electron bombardment of adsorbed gases.
5. Studies of these effects have brought valuable insight into very inter­
esting physical and chemical processes which take place not only in ioni­
zation gauges and mass spectrometers, but wherever electrons are incident
on solid surfaces.
12
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Anomalous Ion and Electron Currents in a Suppressor Gauge 
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Effect of Grid Current on the Pressure Measurement of 
Oxygen (I varied in suppressor gauge)o
Effect of Grid Current on Pressure Measurement of Carbon
Monoxide (I varied in Bayard-Alpert gauge)8
Figure 5:
Eq
ui
va
len
t 
pr
es
su
re
 (t
or
r)
Eq
ui
va
le
nt
 p
re
ss
ur
e 
(to
rr
)
^collector V g r i d  ( v o l ts )
Eq
uiv
ale
nt 
pre
ss
ure
 (t
orr
)
Eq
uiv
ale
nt 
pre
ss
ure
 (to
rr)

DISTRIBUTION LIST AS OF JULY 12, 1963
1 Director
Air University Library 
Maxwell Air Force Base, Alabama 
Attn: CR-4803a
1 Redstone Scientific Information Center
U .S . Army M issile Command 
Redstone Arsenal, Alabama
1 Electronics Research Laboratory 
University of California 
Berkeley 4, California
2 Hughes Aircraft Company 
Florence and Teale 
Culver City, California 
Attn: N. E. Devereux
Technical Document Center
3 Autonetics
9150 East Imperial Highway
Downey, California
Attn: Tech. Library, 3041-11
1 Dr. Arnold T. Nordsieck
General Motors Corporation 
Defense Research Laboratories 
6767 Hollister Avenue 
Goleta, California
1 University of California
Lawrence Radiation Laboratory 
P. O. Box 808 
Livermore, California
1 Mr. Thomas L. Hartwick
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Lt. Colonel Willard Levin
Aerospace Corporation 
P. O. Box 95085 
Los Angeles 45, California
1 Professor Zorab Kaprelian
University of Southern California
University Park
Los Angeles 7 , California
1 Sylvania Electronic Systems -  West
Electronic Defense Laboratories 
P. O. Box 205 
Mountain View, California 
Attn: Documents Center
1 Varian Associates
611 Hansen Way 
Palo Alto, California 
Attn: Dr. Ira Weissman
1 Huston Denslow
Library Supervisor 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California
1 Professor Nicholas George
California Institute of Technology
Electrical Engineering Department 
Pasadena, California
1 Space Technology Labs. , Inc.
One Space Park
Redondo Beach, California 
Attn: Acquisitions Group
STL Technical Library
2 Commanding Officer and Director 
U .S . Naval Electronics Laboratory 
San Diego 52, California
Attn: Code 2800, C. S. Manning
1 Commanding Officer and Director
U .S . Navy Electronics Laboratory 
San Diego 52, California 
Attn: Library
1 Office of Naval Research Branch Office 
1000 Geary Street 
San Francisco, California
1 The RAND Corporation
1700 Main Street 
Santa Monica, California 
Attn: Library
1 Stanford Electronics Laboratories
Stanford University 
Stanford, California 
Attn: SEL Documents Librarian
1 Dr. L. F. Carter
Chief Scientist Air Force 
Room 4E-324, Pentagon 
Washington 25, D. C.
1 Mr. Robert L. Feik
Associate Director for Research 
Research and Technology Division 
AFSC
Bolling Air Force Base 25, D. C.
1 Captain Paul Johnson (USN-Ret)
National Aeronautics and Space 
Administration 
1520 H Street, N. W.
Washington 25, D. C.
1 Major Edwin M. Myers
Headquarters USAF (AFRDR)
Washington 25, D. C.
1 Dr. James Ward
Office of Deputy Director 
(Research and Info)
Department of Defense 
Washington 25, D. C.
1 Dr. Alan T. Waterman
Director, National Science Foundation 
Washington 25, D. C.
1 Mr. G. D. Watson
Defense Research Member 
Canadian Joint Staff 
2450 Massachusetts Ave., N. W. 
Washington 8, D. C.
1 Mr. Arthur G. Wimer
Chief Scientist 
Air Force Systems Command 
Andrews Air Force Base 
Washington 25, D. C.
1 Director, Advanced Research
Projects Agency 
Washington 25, D. C.
1 Air Force Office of Scientific Branch
Directorate of Engineering Sciences 
Washington 25, D. C.
Attn: Electronics Division
1 Director of Science and Technology
Headquarters, USAF 
Washington 25, D. C.
Attn: AFRST-EL/GU
1 Director of Science and Technology
AFRST -  SC 
Headquarters, USAF 
Washington 25, D. C.
1 Headquarters, R & T Division
Bolling Air Force Base 
Washington 25, D. C.
Attn: RTHR
1 Headquarters, U .S . Army Material Command
Research Division, R & D Directorate 
Washington 25, D. C.
Attn: Physics & Electronics Branch 
Electronics Section
1 Commanding Officer
Diamond Ordnance Fuze Laboratories 
Washington 25, D. C.
Attn: Librarian, Room 211, Bldg. 92
1 Operations Evaluation Group
Office of the CNO (Op03EG)
Navy Department 
Washington 25, D. C.
1 Chief of Naval Operations
Tech. Analysis & Advisory Group (OP-07T) 
Pentagon
Washington 25, D. C.
1 Commanding Officer
U .S . Army Personnel Research Office 
Washington 25, D. C.
1 Commanding Officer & Director
David W. Taylor Model Basin 
Navy Department 
Washington 7, D. C .
Attn: Code 142, Library
1 Bureau of Ships
Department of the Navy 
Washington 25, D. C.
Attn: Code 686
1 Bureau of Ships
Navy Department 
Washington 25, D. C.
Attn: Code 732
1 Technical Library, DLI-3
Bureau of Naval Weapons
Department of the Navy 
Washington 25, D. C.
1 Director
Naval Research Laboratory 
Washington 25, D. C.
Attn: Code 5140
1 Department of the Navy
Office of Naval Research 
Washington 25, D. C.
Attn: Code 437
1 Dr. H. Wallace Sinaiko
Institute for Defense Analyses 
Research & Engineering Support Division 
1666 Connecticut A ve., N.W.
Washington 9, D. C .
1 Data Processing Systems Division
National Bureau of Standards 
Conn, at Van Ness 
Room 239, Bldg, 10 
Washington 25, D. C.
Attn: A. K. Smilow
1 Exchange and Gift Division
The Library of Congress 
Washington 25, D. C.
1 NASA Headquarters
Office of Applications 
400 Maryland Avenue, S.W .
Washington 25, D. C.
Attn: Mr. A. M. Greg Andrus 
Code FC
1 AOGC (PGAPI)
Eglin Air Force Base 
Florida
1 Commanding Officer
Office of Naval Research, Chicago Branch 
6th Floor, 230 North Michigan 
Chicago 1, Illinois
1 Laboratories for Applied Sciences
University of Chicago 
6220 South Drexel 
Chicago 37, Illinois
1 Librarian
School of Electrical Engineering 
Purdue University 
Lafayette, Indiana
1 Commanding Officer
U .S . Army Medical Research Laboratory 
Fort Knox, Kentucky
2 Keats A. Pullen, Jr.
Ballistic Research Laboratories 
Aberdeen Proving Ground, Maryland
Commander
Air Force Cambridge Research Laboratories 
Laurence G. Hanscom Field 
Bedford, Massachusetts 
Attn: CRXL
Director
U .S . Army Human Engineering Laboratories 
Aberdeen Proving Ground, Maryland
Scientific & Technical Information Facility
P. O. Box 5700
Bethesda, Maryland
Attn: NASA Representative (S-AK/DL)
Mr. James Tippett 
National Security Agency 
Fort Meade, Maryland
Dr. Lloyd Hollingsworth 
Director, ERD 
AFCRL
L. G. Hanscom Field 
Bedford, Massachusetts
Major William Harris 
Electronics Systems Division 
L. G. Hanscom Field 
Bedford, Massachusetts
Instrumentation Laboratory 
Massachusetts Institute of Technology 
68 Albany Street 
Cambridge 39, Massachusetts 
Attn: Library W l-109
Research Laboratory of Electronics 
Massachusetts Institute of Technology 
Cambridge 39, Massachusetts 
Attn: Document Room 26-327
Dr. Robert Kingston 
Lincoln Laboratories 
Lexington, Massachusetts
Lincoln Laboratory
Massachusetts Institute of Technology 
P. O. Box 73
Lexington 73, Massachusetts 
Attn: Library, A-082
Sylvania Electric Products Inc.
Electronic Systems 
Waltham Labs. Library 
100 First Avenue 
Waltham 54, Massachusetts
Minneapolis-Honeywell Regulator Co. 
Aeronautical Division 
2600 Ridgeway Road 
Minneapolis 13, Minnesota 
Attn: Mr. D. F. Elwell 
Main Station: 625
Inspector of Naval Material
Bureau of Ships Technical Representative
1902 West Minnehaha Avenue
St. Paul 4 , Minnesota
Activity Supply Officer, USAELRDL 
Building 2504, Charles Wood Area 
Fort Monmouth, New Jersey 
For: Accountable Property Officer 
Marked: For Inst, for Exploratory Research 
Inspect at Destination 
Order No. 5776-PM -63-91
Commanding General 
U .S . Army Electronic Command 
Fort Monmouth, New Jersey 
Attn: AMSEL-RE
Mr. A. A. Lundstrom 
Bell Telephone Laboratories 
Room 2E-127 
Whippany Road 
Whippany, New Jersey
AFMDC (MDSGP/Capt. Wright)
Holloman Air Force Base 
New Mexico
Commanding General 
White Sands M issile Range 
New Mexico
1 Microwave Research Institute
Polytechnic Institute of Brooklyn 
55 John Street 
Brooklyn 1, New York
1 Cornell Aeronautical Laboratory, Inc.
4455 Genesee Street 
Buffalo 21, New York 
Attn: J. P. Desmond, Librarian
1 Sperry Gyroscope Company
Marine Division Library 
155 Glen Cove Road 
Carle Place, L .I. , New York 
Attn: Mrs. Barbara Judd
1 Rome Air Development Center
Griffiss Air Force Base 
New York
Atten: Documents Library 
RAALD
1 Library
Light Military Electronics Department 
General Electric Company 
Armament & Control Products Section 
Johnson City, New York
i Columbia Radiation Laboratory
Columbia University 
538 West 120th Street 
New York 57, New York
1 Mr. Alan Barnum
Rome Air Development Center 
Griffiss Air Force Base 
Rome, New York
1 Dr. E. Howard Holt
Director
Plasma Research Laboratory 
Rensselaer Polytechnic Institute 
Troy, New York
3 Commanding Officer
U .S . Army Research Office (Durham)
Box CM, Duke Station 
Durham, North Carolina 
Attn: CRD-AA-1P, Mr. Ulsh
1 Battelle-DEFENDER
Battelle Memorial Institute 
505 King Avenue 
Columbus 1, Ohio
1 Aeronautical Systems Division
Navigation and Guidance Laboratory 
Wright-Patterson Air Force Base 
Ohio
1 Aeronautical Systems Division
Directorate of Systems Dynamic Analysis
Wright-Patterson Air Force Base
Ohio
1 Commanding Officer (AD-5)
U .S. Naval Air Development Center 
Johnsville, Pennsylvania 
Attn: NADC Library
2 Commanding Officer 
Frankford Arsenal 
Philadelphia 37, Pennsylvania 
Attn: SMUFA-1300
1 H. E. Cochran
Oak Ridge National Laboratory
P. O. Box X
Oak Ridge, Tennessee
1 U .S . Atomic Energy Commission
Office of Technical Information Extension
P. O. Box 62
Oak Ridge, Tennessee
1 President
U .S . Army Air Defense Board 
Fort B liss, Texas
1 U .S . Air Force Security Service
San Antonio, Texas 
Attn: ODC-R
1 Director
Human Resources Research Office 
The George Washington University 
300 North Washington Street 
Alexandria, Virginia
20 ASTIA Technical Library AFL 2824 
Arlington Hall Station 
Arlington 12, Virginia 
Attn: TISLL
1 Commander
U .S. Army Research Office 
Highland Building 
3045 Columbia Pike 
Arlington 4, Virginia
1 U .S . Naval Weapons Laboratory 
Computation and Analysis Laboratory 
Dahlgren, Virginia
Attn: Mr. Ralph A. Niemann
2 Army Material Command 
Research Division
R & D Directorate 
Bldg. T-7
Gravelley Point, Virginia
